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Abstract 
A static start-up control strategy for pumped storage power plant unit is presented and the sensor less control to rotor 
position detecting is analyzed according to voltage and magnetism equations of ideal synchronous motor mathematics 
model. The simple-to-implement estimation technique of sensor less control to rotor position detecting in which 
operates over a wide speed range, including zero speed, is presented also. Control strategy of static start-up and its 
mathematical model is discussed in detail. Based on 500kW synchronous motor, the test of static start- up control 
system for pumped storage power plant unit is developed. Test results show that pulse commutation, nature 
commutation and unit synchronous procedure of static start-up are realized. Then it is proved that the method 
presented in the paper is a practicable control strategy for static start-up control to pumped storage power plant. 
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Keywords: pumped storage power plan; SFC; Static Start-up; sensor less; synchronous motor control 
Along with the rapid development of renewable energy exploitation, contradiction of adjusting peak 
value is very serious in the electric gird. In order to solve this problem and improve reliability, 
economical efficiency of the electric grid, hydraulic storage is the most attractive solution for the power 
modulation of an electric grid. When the natural storage capacity is limited, pumped storage can enhance 
the modulation cycle. It has its own feature, one of which needs special starting equipment and method to 
transit to pump mode. From the operation and economic point of views, utilizing static frequency 
convertor has been demonstrated to be the more convenient in [1, 2]. In this paper, static frequency 
converter (SFC) starting of pumped storage motor-generator is studied. 
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1. Static start-up Control Strategy 
1.1 Static Frequency Converter 
The SFC is basically composed of a rectifier bridge that converts the input from AC to DC and an 
inverter bridge that generates the variable frequency voltage from the DC stage. The inverter is 
configured as a current source inverter. Fig. 1 shows the basic configuration of the static frequency 
converter. The switching sequence and output current relation is given in Table 1 where ia , ib and ic are 
the machine line currents and id is the current at the DC interface of the SFC.  
 
Figure 1.  Circuit model of the static frequency converter  
TABLE I.  SWITCHING SEQUENCE AND OUTPUT CURRENTS 
Switching 
Sequence 
Output Currents 
LD LE LF
T26,T21 - idc + idc 0 
T21,T22 - idc 0 + idc 
T22,T23 0 - idc + idc 
T23,T24 + idc - idc 0 
T24,T25 + idc 0 - idc 
T25,T26 0 + idc - idc 
When synchronous machine operated as synchronous motor to pump the water from the lower 
reservoir to the upper reservoir. Synchronous machine starting results from phase controlling the output 
of the silicon controlled rectifiers bridges. Digital regulators in the controller generate the silicon 
controlled rectifiers (SCR) firing signals according to rotor position. The controller regulates the output 
voltage to provide variable frequency that result in a smooth acceleration of the motor [3]. 
1.2 control strategy of SFC 
The control strategy of the inverter for synchronous machine starting is divided in two stages. The 
first stage requires pulse commutation until 10% of the machine rated speed, the second stage uses natural 
commutation supported by the voltage induced in the machine windings. The circuit layout and the 
control algorithm of the system are illustrated in Fig. 2. The control algorithm of the SFC is based on the 
rotor position, speed and machine voltage. The inverter of the SFC is fired according to the position of the 
machine in order to follow the speed of the motor and the rectifier controls the magnitude of the current 
injected into the machine. The rectifier control is composed of two main control closed loops: an internal 
loop and an external loop. The internal loop is the current controller and it calculates the thyristor firing 
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angle according to the reference and actual value of current. The external loop determines the torque 
control strategy by generating the current reference.  
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Figure 2.   Circuit layout for SFC fed synchronous motor drive  
2. Mathematics Modal of Synchronous Motor  
Windings voltage equations of the ideal synchronous motor mathematical model are as following [4]: 
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It is assumed that magnetic circuit is unsaturated, winding equations can be written as,  
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Where the subscript aˈbˈcˈfdˈDˈand g are the a, b, c phase winding, excitation winding, 
damping winding of equivalent to the vertical axis and equivalent to the horizontal axis. 
3. Sensorless Rotor Position Detecting of  Synchronous Motor over a Wide Speed Range 
A key requirement for sensorless control of a synchronous motor is the ability to determine the 
position of the flux in the machine without measuring the speed or position of the rotor [5-7]. 
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3.1 rotor speed at zero  
It is can not detecting rotor position utilizing mechanism of rotor relative motion that rotor speed at 
zero. But, there will be induced electromotive force(EMF) produced by three-phase stator windings when 
excitation current is sudden rising, and you can calculate the rotor position by EMF. Base on ideal 
synchronous motor mathematical mode, the mutual inductance between windings equations can be 
written as, 
cosafdM M J                                                                              … (3) 
2cos( )
3bfd
M M SJ    …                                                                               (4) 
2cos( )
3cfd
M M SJ    …                                                                                              
(5) 
Where afdM , bfdM  and cfdM  are the mutual inductance between a, b, c phase winding and the rotor 
winding respectively. 
When excitation current is sudden rising, the coupling relation between the stator winding fluxes is 
given by the following set of equations: 
cosa afd f fM i Mi J<                                                                                       … (6) 
2cos( )
3b bfd f f
M i Mi SJ<                                                                                    … (7) 
2 2( ) cos( )
3 3c cfd f f
M i MiS SJ J<     …                                                                             (8) 
Where J  is angle between rotor axis and a phase stator axis. fi  is the rotor winding current. 
Moreover, 
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Where fu , fr  and fL  are the rotor winding voltage, resistance, and inductances respectively. 
Terminal voltage and EMF are equal when the motor no-load. And after the simultaneous solution of 
(3) ~ (9) equations, the stator winding voltage equations can be written as, 
d d ( cos )
d d
d (1 )cos cos
d
f f
f f
a
a a f
r r
t t
L Lf f
f f
u e Mi
t t
u u
M e M e
r t L
J
J J
 
<    
    
 …                                                                                    (10) 
d d 2[ cos
d d 3
d 2 2(1 )cos( ) cos( )
d 3 3
f f
f f
b
b b f
r r
t t
L Lf f
f f
u e Mi
t t
u u
M e M e
r t L
SJ
S SJ J
 
<     
      
˄ ˅@
         …(11) 
d d 2[ cos
d d 3
d 2 2(1 )cos( ) cos( )
d 3 3
f f
f f
c
c c f
r r
t t
L Lf f
f f
u e Mi
t t
u u
M e M e
r t L
SJ
S SJ J
 
<     
      
˄ ˅@
    …     (12) 
Deshun Wang et al. / Physics Procedia 24 (2012) 155 – 162 159
On the assumption that K
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  , rotor position at zero speed can be calculated by equations 
(13) which simultaneous solution of equations (10) ~ (12).
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3.2 rotor speed at very low 
Since, at low speed (motor frequency is less than or equal about 0.15HZ) machine voltage magnitude 
is not yet sufficient for detecting the rotor position. At this point, method of rotor position detection as 
following.  
Synchronous motor motion equations are given by the following set of equations: 
E L
dJ
d
T T
t
Z      …                                                                                  (14) 
d
dt
J Z                                                                                          … (15) 
0tJ Z J                                                                                   … (16) 
Where J ,Z  , ET and LT  are the moment of inertia, the machine electrical speed, the electromagnetic 
torque and the load torque respectively. 
Moreover, 
E q d d qT i i <  <    …                                                                                    (17) 
2
LT kZ                                                                                            … (18) 
Where di , qi , d<  and q<  are the current and fluxes in the two equivalent stator windings. 
When motor at low speedsˈ ET  and LT  can be regarded as constant. And after the simultaneous 
solution of (14) ~ (16) equations, rotor position can be calculated by equations (19), (20). 
2
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atJ J                                                                                   … (19) 
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J
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3.3 rotor speed at  high 
Rotor position detected method with high speed (motor frequency is greater than 0.15HZ) is relatively 
easy to achieve. So, in this paper, we do not pay attention to rotor speed at high. 
4. Pulse Commutation Stage  
Since, during standstill there is no machine voltage available and at low speeds its magnitude is not 
yet sufficient for commutating the current in inverter bridge from one thyristor to the other and hence, 
pulse commutation is required. During commutation of current in the machine side converter at first the 
current is brought down by changing the operation mode of the bridge from rectifier to inverter; then the 
thyristors which are to conduct in the next period of time are fired and the current is built up again. By 
this method already a low speed operation can be established in the machine controlled mode. At still 
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lower speeds the instant of commutation can no longer be determinated from machine voltage, but the 
external control. Pulse commutation control imposes timing by means of rotor position detection. The 
frequency is increased in function of speed until it’s more than 5 HZ. As the machine speed exceeds 5 Hz, 
the natural commutation control is employed [8, 9]. 
5. Natural Commutation Stage 
This stage uses natural commutation supported by the voltage induced in the machine windings. The 
speed controller provides acceleration of the machine up to 47 Hz with constant torque by keeping the DC 
current constant and hence the corresponding AC currents of the machine constant. As the machine speed 
exceeds 47 Hz, the frequency controller is activated to bring the machine speed within the frequency 
margin needed for synchronization. Following the frequency controller, the angle controller is activated to 
bring the angle difference between the voltages of the system and the machine terminal within the margin 
required for synchronization. 
Conditions of synchronization can be expressed as: 
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Where f' , and u'  are the relative errors of frequency and machine voltage respectively,  M'  is the 
absolute error of angle. 
6. Test Result 
6.1 Parameter of Synchronous machine 
The synchronous machine parameters for the test are given in Table 2. 
TABLE II.  SYNCHRONOUS MACHINE PARAMETERS FOR THE TEST 
parameters valves 
Rated Power 500kW 
Rated Voltage 6kV 
Rated Current 58.2A 
Rated Frequency 50HZ 
Rated Speed 500rpm 
Rated Field Voltage 544V 
Rated Field Current 280A 
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6.2 The result 
According to the description, a static start-up control system for pumped storage power plant unit is 
founded. And based on mentioned synchronous machine, the test is carried out for Static Start-up Control 
Strategy. In the following figures, the voltage and current waveforms for pulse commutation stage and 
natural commutation stage are presented in figure 3 and figure 4 respectively. In the pulse commutation 
stage, when the current is zero, see the point P1, the SCR in the previously conducting branch˄T26 and 
T25˅ of the inverter is turned off, and then a new SCR in another branch ˄T26 and T21 ˅ is fired and 
the rectifier is re-started. And the operation of this commutation is completed. 
 
Figure 3.  Voltage and current waveforms for pulse commutation stage  
Figure 4 shows the course of natural commutation stage, it is diffident from the pulse commutation 
stage. There is no current zero-crossing. See the point P2, the SCR in the previously conducting branch
˄T26 and T25˅ of the inverter is turned off when a new SCR in another branch ˄T26 and T21 ˅ is 
fired. And the operation of this commutation is completed. 
 

Figure 4.  Voltage and current waveforms for natural commutation stage 
Figure 5 shows the net voltage, machine voltage and machine current in the course of synchronization 
stage. P3 is the Point of synchronization and it is satisfied with the conditions of synchronization. 
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Figure 5.  Voltage and current waveforms in the course of synchronization stage 
Conclusions 
Test results show that pulse commutation, nature commutation and unit synchronous procedure of 
Static Start-up are realized. It is proved that estimation technique of sensor less control to rotor position 
detecting is a practicable solution, and the method presented in the paper is practicable control strategy 
for static start-up control to pumped storage power plant.  
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